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Abstract
Extensive air showers are the result of billions of particle reactions initiated by single cosmic rays at ultra-high
energy. Their characteristics are sensitive both to the mass of the primary cosmic ray and to the fine details of
hadronic interactions. Ultra-high energy cosmic rays can be used to experimentally extend our knowledge on hadronic
interactions in energy and kinematic regions beyond those tested by human-made accelerators.
We report on how the Pierre Auger Observatory is able to measure the proton-air cross section for particle produc-
tion at a center-of-mass energy per nucleon of 39 TeV and 56 TeV and also to constrain the new hadronic interaction
models tuned after the results of the Large Hadron Collider, by measuring: the average shape of the electromagnetic
longitudinal profile of air showers, the moments of the distribution of the depth at which they reach their maximum,
and the content and production depth of muons in air showers with a primary center-of-mass energy per nucleon
around and above the 100 TeV scale.
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1. Introduction
Particle reactions beyond the energies reached by the
Large Hadron Collider (LHC) occur every second at the
top of the Earth’s atmosphere. When an ultra-high en-
ergy cosmic ray (UHECR) collides with an air nucleus,
it initiates an extensive air shower (EAS) of secondary
particles that produce detectable electromagnetic radi-
ation at different wavelengths due to interactions with
the atmosphere. Eventually, a sizable fraction of those
particles reach the ground surface, and can also be de-
tected.
The Pierre Auger Observatory is capable of detect-
ing EAS by means of the Fluorescence Detectors (FD)
which measure the fluorescence light emitted during the
shower development in the atmosphere, and also the
particles reaching the ground by means of the Surface
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Detector (SD), which is an extensive array of water-
Cherenkov detectors (WCD) occupying an area of 3000
km2 in the Argentinian high plateau. A more general
description can be found in [1] and [2] (in these pro-
ceedings) and references therein.
The mass of the cosmic ray primaries is a key in-
gredient needed to solve the long-standing mystery on
the origin of UHECRs. Due to the hadronic nature of
the primaries, shower observables share phase-space be-
tween the different possibilities for the primary mass
and the uncertainties on the interaction models at the
highest energies and forward region.
The aim of this contribution to CRIS2015 was to
present the techniques and measurements made by the
Pierre Auger Observatory which are relevant to con-
strain hadronic interactions. In [3, 4, 5] and [6, 7] there
is the set of references used within this paper for the
high energy hadronic models prior and after the LHC.
The paper is organized as follows: in section 2 the
hadronic and electromagnetic (EM) components of air
showers are briefly introduced, and their internal dy-
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namics are described. In section 3, measurements re-
lated to the EM cascade are described, namely: the mo-
ments of the distribution depths of shower maximum,
the shape of the average shower development profile,
and finally the proton air cross-section. In section 4,
measurements related to the hadronic cascade through
muons are addressed, namely: the muon content in in-
clined showers, the muon production depth, and mea-
surements of the surface water cherenkov detector re-
sponse. Finally, in section 5 the main conclusions are
presented.
2. The internal air shower dynamics
In an extensive air shower initiated by a proton at
1019 eV, after the first interaction ∼ 80% of the pro-
duced particles are pions and ∼ 8% are kaons. Neu-
trons/protons are produced with an overall probability
of ∼ 5%, and the rest is shared among other particles at
the sub-percent level as given by QGSJETII-03 on av-
erage [8].
One third of pions are neutral, and decay almost im-
mediately, feeding the EM cascade, whereas the rest
are charged pions, which either interact (sustaining the
multiplicative process of the cascade), or decay into
muons. At the highest energies, all kaons keep inter-
acting hadronically. When the critical energy of the dif-
ferent kaons is reached, they feed the EM and hadronic
component through neutral or charged pions or directly
decay into muons, according to their specific branching
ratios [8]. Finally, neutrons and protons keep interacting
hadronically.
Most of the energy carried by the secondaries after
the first interaction undergo new hadronic interactions,
sustaining what is thus called the hadronic cascade un-
til it eventually vanishes, leaving muons as measurable
trace.
On the other hand, a fraction of the energy (∼ 30%)
is subtracted in each reaction from the hadronic cas-
cade into the electromagnetic cascade After typically 2
hadronic generations, most of the energy has been trans-
ferred to the EM cascade, and since there is very little
feedback to the hadronic cascade, mostly by photopion
production, both hadronic and EM cascades can be con-
sidered decoupled.
Details about multiparticle production are linked to
the shower observables. Among the most important
ones is the ratio of hadronic to EM particle production,
which affect the hadronic (EM) cascade through sub-
stracting (injecting) energy at the different stages of de-
velopment.
3. The EM cascade
3.1. The moments of shower maximum
Figure 1: Variance of ln A according to two different hadronic models.
The depth at which the number of charged particles
reaches its maximum in the air shower, Xmax, is sensi-
tive to the mass composition of the primaries through
the depth of the first interaction, related to the nuclei-
air cross-section and also to the posterior shower devel-
opment. These charged particles are completely dom-
inated by electrons belonging to the EM cascade. Ex-
perimentally, the longitudinal profile can be measured
using fluorescence light emitted by atmospheric nitro-
gen molecules excited by the passage of charged parti-
cles. At the Pierre Auger Observatory, which is contin-
uously taking data since January 2004, such measure-
ments are performed using the FD consisting of 24 tele-
scopes placed at 4 locations and since June 2010 using
the High Elevation Auger Telescopes (HEAT).
The first two moments of the Xmax-distribution 〈Xmax〉
and σ[Xmax] are related to the first two moments of the
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distribution of the logarithm of masses of primary parti-
cles 〈ln A〉 and σ2[ln A] as
〈Xmax〉 = 〈Xmax〉p + fE〈ln A〉 (1)
σ2[Xmax] = 〈σ2sh〉 + f 2Eσ2[ln A] (2)
where 〈Xmax〉p is the mean Xmax for protons and
〈σ2sh〉 = Σ fiσ2i [Xmax] is the composition-averaged
shower-to-shower fluctuations. fE depends on the
details of hadronic interactions, and in practice is
parametrized from the interaction models [9]. See [10]
for a complete discussion and the latest update of re-
sults in [11]. Figure 1 displays the results for σ2[ln A]
for the two post-LHC models. (〈ln A〉 can be seen in Fig.
11, which is relevant for discussion in section 4.2). For
QGSJETII-04 the value of σ2[ln A] above E > 1018.3
eV reaches negative values beyond systematic uncer-
tainties. This imposes constraints on the description of
the Xmax moments by QGSJETII-04: the composition-
averaged shower-to-shower fluctuations predicted by
the model exceed the measured Xmax fluctuations.
3.2. Measurement of the p-air cross section
Figure 2: Xmax-distribution in the highest energy bin and the result of
the fit to the exponential tail. See [12] and [13] for details.
The Xmax-distributions also contain information
about the cross section of the primary with the air.
Among all primaries, proton has the smallest cross-
section and therefore the maximum interaction length.
The primary interaction is reflected into the Xmax-
distribution by an exp(−Xmax/Λη) dependency at high-
est Xmax values, being Λη a constant directly related to
the primary interaction length. By selecting the deep-
est showers and ensuring enough proton presence, it is
possible to measure the proton-air cross section. De-
tails about the method can be found at [12]. In [13]
this measurement has been updated with the post-LHC
Figure 3: Conversion from Λη to σp−air at the highest energy bin. The
simulation included all detector resolution effects, while the data is
corrected for acceptance effects. The solid and dashed lines show the
Λη measurement and its projection to σp−air using the average of all
models. See [12] and [13] for details.
Figure 4: The σp−air measurement compared to previous data and
model predictions. See [12] and [13] for references.
hadronic models and presented in two energy intervals:
log10(E/eV) ∈ [17.8, 18] and log10(E/eV) ∈ [18, 18.5].
These energies were chosen so that they maximize the
available events statistics and at the same time lie in the
region most compatible with a significant proton frac-
tion. The averaged energy of the events in each bin
transformed into primary center-of-mass energy per nu-
cleon is
Low E bin
√
spp = 38.7 TeV (3)
High E bin
√
spp = 55.5 TeV (4)
In Fig. 2 it can be seen the Xmax-distribution and the
results of the Λη fit to the tail, for the highest energy bin.
Fig. 3 shows the conversion into σp−air, which gives the
values
Low E bin σp−air = 458 ± 18(stat)+19−25(sys) mb (5)
High E bin σp−air = 486 ± 16(stat)+19−25(sys) mb (6)
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While the composition of primary cosmic rays in the
energy range under investigation is compatible with be-
ing dominated by protons [14], a contamination with
Helium cannot be excluded up to 25%, and it is one
of the main sources of systematics. Particles heavier
than Helium have only negligible impact on the analy-
sis. Photon contamination is excluded up to 0.5%, and
has also been accounted for in the systematic uncertain-
ties. For a complete discussion on the systematic uncer-
tainties refer to [13].
Results are plotted in Fig. 4 along with model pre-
dictions and different measurements, with good general
agreement. The data might be consistent with a rising
cross section with energy, however, the statistical preci-
sion is not yet sufficient to make any claim.
Figure 5: Average profiles for energies between 1018.8 eV and 1019.2
eV within the fitting range X − Xmax ∈ [−300, 200] g cm−2. Data is
shown in black, proton and iron reconstruction in blue and red respec-
tively, with the Gaisser-Hillas fit superimposed. The residuals on the
fit to the data are shown in the bottom.
3.3. Average shower profile
A Gaisser-Hillas function (GH), typically used to de-
scribe the EM longitudinal profiles can be rearranged
and written in the form
dE
dX
=
(
1 + R
X − Xmax
L
)R−2
exp
(
−X − Xmax
RL
)
(7)
where L and R are related to the standard GH parameters
as L =
√|X0 − Xmax|λ and R =
√
λ/|X0 − Xmax|. These
parameters have the new meaning of a width (L) and an
asymmetry (R) with respect to a Gaussian distribution,
and have been shown to be sensitive both to the high
energy hadronic models and to the mass composition of
the primary [15][16] in an event by event basis, making
the most of the parameter correlation (Xmax,R, L), and
in averaged showers [17].
High quality FD events have been centered around
Xmax to obtain the average shower profile, and fit-
ted to equation 7 within the range X − Xmax ∈
[−300, 200] g cm−2. Figure 5 displays the averaged pro-
files for data and simulations around 1019 eV. Details of
the whole procedure can be found in [18].
Figure 6 displays L and R as a function of the en-
ergy for data and models. Both agree well with models
within the current uncertainties. The energy evolution
of the width L is consistent with a linear increase with
log10(E/(eV). The asymmetry, R, data displays an in-
crease with energy not predicted by models, although
it is contained within the systematic uncertainty of the
measurement in absolute values.
4. The hadronic cascade
4.1. Measurement of the muon production by means of
inclined showers
The EM component in inclined showers is largely ab-
sorbed in the atmosphere before reaching ground. Due
to the effect of geomagnetic fields, the muon density ob-
served at ground ρµ(θ, φ; r) is highly asymmetrical. It
depends on the zenith angle (θ) and azimuth angle (φ).
It has been shown that it is practically independent of
the energy of the primary and of the hadronic model,
and can be described by
ρµ(θ, φ; r) ' N19ρµ,19(θ, φ; r − rc) (8)
where ρµ,19(θ, φ; r − rc) is an universal reference func-
tion for the number densities of muons expressed rel-
ative to the position of the core rc, and N19 is a scale
factor. We define Nµ as the surface integral of the l.h.s.
of equation 8, the actual number of muons reaching
ground, which can be calculated in Monte Carlo sim-
ulations. Equivalently, we define Nµ,19 as the surface
integral of the reference map ρµ,19(θ, φ; r−rc), and equa-
tion 8 simply becomes Nµ ' N19Nµ,19. One can define
the ratio Rµ ≡ Nµ/Nµ,19 and then, by fitting equation
8 to real showers leaving N19 as free parameters, one
can use N19 as estimation of Rµ. This has been exten-
sively tested with simulations, being the average differ-
ence between N19 and Rµ for proton and iron simulated
using QGSJET01, QGSJETII-04, and EPOS-LHC al-
ways below 5%. To get an unbiased estimator, N19 was
corrected for the average bias of all the simulations to
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Figure 6: L (left) and R (right) as a function of energy. The data is shown in black, with the vertical line representing the statistical error and the
brackets the systematic uncertainty. Hadronic interactions models shown each with its color (see legend), with full lines being proton predictions
and dashed lines the iron ones.
Figure 7: 〈Rµ〉 vs primary energy, compared to air shower simulations.
obtain an unbiased Rµ. More details about this analysis
can be found in [19].
The average values of Rµ divided by the energy, are
plotted for five energy bins in Fig. 7 and compared to
simulations. Fig. 8 displays 〈ln Rµ〉 vs 〈Xmax〉, with
Auger data and simulation data for different hadronic
models and primaries.
When we consider the values of 〈ln A〉 deduced from
〈Xmax〉, the measured values of Rµ indicate that the
mean number of muons in the simulations have a deficit
from 30 % to 80 % +17−20% (sys) at 10
19 eV. Figure 9
(left) summarizes the situation. The logarithmic gain
d〈ln Rµ〉/d ln E (Fig. 9 (right)) is in agreement between
all the models. Deviations of data from a constant pro-
ton (iron) composition are observed at the level of 2.2
(2.6) σ.
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Figure 8: 〈Rµ〉 vs Xmax compared to air shower simulations.
In [20], an independent analysis confirming these re-
sults was performed with vertical showers, where both
the muon and the EM components reach the SD. A pos-
sible overall energy scale shift in the FD reconstruction
that could explain the muon discrepancy was also ex-
cluded, confirming that models produce a deficit in the
hadronic cascade within the simulated showers.
4.2. Measurement of the muon production depth
In [21] and [22] it was shown that muons are pro-
duced within a narrow cylinder of a few tens of meters
around the shower axis. After production, mainly com-
ing from pion decay, muons follow almost straight lines
until they reach ground. Thus, their time delay with
respect to a plane front traveling at the speed of light
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Figure 9: Comparison of 〈Rµ〉 at 1019 eV (left) and d〈Rµ〉/d ln E (right) with predictions for air shower simulations with different high energy
hadronic models for a pure proton, pure iron and a mixed composition compatible with the FD measurements, labeled as 〈ln A〉.
mainly depends on the length of the trajectories (geo-
metric delay) with a second order correction stemming
from subluminal velocities, which can be modeled from
the average muon energy spectrum. It is thus possible
to write a one-to-one map [23] between the time delay
with respect to a shower front t and the production dis-
tance along the shower axis z as:
z ' 1
2
(
r2
c(t − 〈t〉) − c(t − 〈t〉)
)
+ ∆ − λpi (9)
where 〈t〉 is the kinematic delay due to subluminal ve-
locities and λpi is a correction due to the pion decay
length. ∆ is just the z-coordinate of the ground obser-
vation point in cylindrical coordinates, where the z-axis
is on the shower axis, and the origin is on the core posi-
tion.
The muon production depth (MPD) Xµ is obtained
by integrating the atmospheric density over the range
or production distances. The MPD-distribution is de-
rived adding all MPDs recorded in each of the SD sta-
tions of the event. A fit to the MPD-distribution with
a Gaisser-Hillas function allows us to derive Xµmax, the
point in the shower development where production of
muons reaches a maximum rate.
In showers with a zenith angle between 55 and 65
degrees, a cut r > 1700 m was introduced to further
minimize the EM contamination and also the distor-
tions introduced by the tank response into the time to
depth mapping. Systematic uncertainty is 17 g cm−2,
and event by event resolution ranges from 90 g cm−2
to 50 g cm−2 from lowest energy to the highest energy
range of applicability. A detailed description of the
analysis can be found at [24].
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Figure 10: Evolution of 〈Xµmax〉 with energy. The number of events
is indicated in each energy bin, and brackets indicate the systematic
uncertainties.
The evolution of the measured 〈Xµmax〉 with energy is
shown in Fig. 10 along with the two post-LHC mod-
els. Both predict a similar evolution of 〈Xµmax〉 for pro-
ton and iron but a considerable difference in its absolute
value. While Auger data are bracketed by QGSJETII-
04, they fall below EPOS-LHC prediction for iron, thus
demonstrating the power of the MPD analysis to con-
strain hadronic interaction models.
Both 〈Xmax〉 and 〈Xµmax〉 can be linearly converted into
〈ln A〉 for each one of the models. Figure 11 shows
the up-to-date results of this comparison [25]. For
QGSJETII-04, 〈ln A〉 values are within 1.5 σ, while for
the case of EPOS-LHC the results from 〈Xµmax〉 indicate
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primaries heavier than iron and the EM and hadronic
predictions are incompatible at a level of at least 6 σ.
At closer distances to the core and in more verti-
cal showers, the signal in the WCD is made of differ-
ent muonic and EM contributions. In [26], by study-
ing the rise-time of the WCD signals at different zenith
angles, there are also shown several parameters sensi-
tive to 〈ln A〉. Results confirm that none of the post-
LHC models produce an accurate picture of muons in
air showers.
4.3. Detector response to muons
A dedicated Resistive Plate Chambers (RPC) ho-
doscope was built and installed around one of the sur-
face detectors, namely, the Gianni Navarra WCD, in
order to study in detail its response as a function of the
trajectories within the water-Cherenkov tank, and thus
cross-check some of the systematic uncertainties con-
tributing to the muon measurements [27]. The system
is able to measure single muon tracklengths on the de-
tector water with an accuracy of ∼ cm. A simulation
was developed to take into account not only the geom-
etry of the setup but also a realistic flux of atmospheric
particles.
Figure 12 displays a scheme of one of the setups to-
gether with a muon trajectory. Figure 13 displays the
total signal as a function of the tracklength. In the cur-
rent analysis, data has been normalized to simulations at
the first tracklength bin to analyze the relative evolution
of trajectories from vertical to inclined ones. Data and
simulations behave as expected within ∼ 2%.
Figure 12: Schematic view of a muon track going through the ho-
doscope mounted on the Gianni Navarra water-Cherenkov detector.
Figure 13: Peak of the charge distribution as a function of the muon
tracklength in the water-Cherenkov detector for simulations and data
(normalized to simulations at the first bin). The ratio between simula-
tions and data is also shown at the bottom.
5. Conclusions
The Pierre Auger Observatory has updated the p-air
cross section into two energy bins, both beyond the
reach of LHC. A number of measurements have been
also presented which have the potential to constrain
hadronic interactions characteristics, by means of con-
sistency checks of data against predictions of air shower
simulations using high energy hadronic models. Related
to the EM cascade, measurements have been presented
on the the average shower longitudinal profile, and also
implications of the measured moments of the Xmax-
distributions for σ2[ln A], which impose constraints in
QGSJETII-04.
The analysis of the hadronic component shows sev-
eral important inconsistencies on the high energy model
predictions: there is a deficit in simulations on the
overall number of muons, which is connected with the
hadronic cascade when compared to the actual primary
composition as deduced by Xmax data. The best model
to describe it is EPOS-LHC, which however display an
inconsistent description of the hadronic longitudinal de-
velopment (diagnosed by Xµmax) for the corresponding
measured Xmax values. See [28] for a discussion about
possible causes.
It is also important to note the efforts carried by dif-
ferent accelerator experiments (see contributions [29,
30, 31] to these proceedings) to further reduce the un-
certainties in the hadronic properties at low energy that
could present effects on the air shower initiated at high
energy. The Pierre Auger Observatory is to deploy dur-
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Figure 11: 〈ln A〉 from Xmax(triangles) and Xµmax (circles) as a function of the energy for both post-LHC models.
ing the following years an upgrade [32] aimed to im-
prove the EM versus muonic component separation on
air showers. This will allow to improve the capabili-
ties to discriminate primary masses and also hadronic
physics properties.
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